Blood oxygenation level-dependent (BOLD) functional MRI is a widely employed methodology in experimental and clinical neuroscience, although its nature is not fully understood. To gain insights into BOLD mechanisms and take advantage of the new functional methods, it is of interest to investigate prolonged paradigms of activation suitable for long experimental protocols and to observe any long-term modifications induced by these functional challenges. While different types of sustained stimulation paradigm have been explored in human studies, the BOLD response is typically limited to a few minutes in animal models, due to fatigue, anesthesia effects and physiological instability. In the present study, the rat forepaw was electrically stimulated for 2 h, which resulted in a prolonged and localized cortical BOLD response over that period. The stimulation paradigm, including an inter-stimulus interval (ISI) of 10 s, that is 25% of the total time, was applied at constant or variable frequency over 2 h. The steady-state level of the BOLD response was reached after 15-20 min of stimulation and was maintained until the end of the stimulation. On average, no substantial loss in activated volume was observed at the end of the stimulation, but less variability in the fraction of remaining activated volume and higher steady-state BOLD amplitude were observed when stimulation frequency was varied between 2 and 3 Hz every 5 min. We conclude that the combination of ISI and variable stimulus frequency reproducibly results in robust, prolonged and localized BOLD activation.
INTRODUCTION
Blood oxygenation level-dependent (BOLD) functional MRI (fMRI) is a widely employed methodology in both clinical settings (1) (2) (3) and preclinical studies (4) (5) (6) (7) (8) (9) . Specific brain activation has been demonstrated using a variety of short paradigms in normal and diseased brain, although the understanding of the nature of the BOLD signal is still incomplete. Recently, taking advantage of increased magnetic fields, several studies have given access to functional metabolic changes occurring during brain activity using functional MRS (6, (10) (11) (12) . These new functional methods may at some point help unravel the fundamental mechanisms behind BOLD signals.
If prolonged stimulation paradigms have been developed quite straightforwardly for human investigations (11, 12) , it has been more challenging in rodents due to neuronal and hemodynamic adaptations, anesthesia and difficulties in maintaining physiological conditions (6, 10) . Neuronal and hemodynamic adaptations are often perceived as a decrease of BOLD signal amplitude (1) (2) (3) 6 ). In the case of neuronal adaptation, this decline is notably due to adjustments of neuronal outputs to previous stimuli to better encode small stimulus modifications or to neuronal hyperpolarization without modification in synaptic inputs (13) . Hemodynamic adaptation rather reflects a mismatch between cerebral metabolic rate of oxygen (CMRO 2 ) and cerebral blood flow (CBF) (2, 14) . Anesthesia might affect the neurovascular coupling (15) by modifying baseline neuronal activity (16) and altering spontaneous action potentials. Anesthesia can also modulate the degree of neuronal adaptation and neuronal excitability during stimulation by acting on different molecular targets, such as potassium cation channels and N-methyl-Daspartate (NMDA) receptors (17) , or gamma-aminobutyric acid type A receptors in the case of α-chloralose (18) . Hyper-and hypoventilation conditions not only affect blood oxygen content, but also correlate with vasoconstriction and vasodilation respectively, directly modulating blood vessel architecture and therefore CBF (19) .
To gain insights into BOLD mechanisms and by extension into brain activity, it is of interest to investigate longer paradigms of activation. Cerebral processing might occur after stimulation (20) and not necessarily following periodic events, as usually provided by BOLD fMRI paradigms. We propose here to introduce prolonged stimulation paradigms over 2 h for reproducible and localized cortical activation in rats under physiological conditions, as measured by BOLD fMRI at high-field magnetic resonance (9.4 T) and using electrical stimulation of the forepaw.
MATERIALS AND METHODS

Animals
All experiments were performed in accordance with the Swiss federal law on animal experimentation and approved by the local authority (EXPANIM-SCAV). Male adult Sprague-Dawley rats (n = 14, 328 ± 16 g, from Charles River Laboratoires, L'arbresle, France) were initially anaesthetized with 2% isoflurane vaporized in 30% oxygen in air, intubated and ventilated with a pressuredriven ventilator (MRI-1, CWE, Ardmore, PA, USA). A femoral artery and a femoral vein were catheterized for blood sampling and infusions, respectively. The rat was positioned in a homebuilt holder and the rat head was fixed using ear and bite bars. Heart rate, arterial blood pressure and breathing rate were continuously monitored with an animal monitoring system (SA Instruments, Stony Brook, NY, USA). Blood gases were measured using a blood gas analyzer (AVL Compact 3, Diamond Diagnostics, Holliston, MA, USA) and were maintained at physiological levels (P a CO 2 = 32-40 mm Hg, pH = 7.32-7.42). Blood samples were not collected during the stimulation periods. Body temperature was maintained at 37.5 ± 0.5°C with a warm water circulation system based on the feedback obtained from a homebuilt rectal temperature probe. After surgery, anesthesia was switched to α-chloralose (Acros Organics, Geel, Belgium) in saline solution (80 mg/kg bolus followed by a continuous intravenous infusion rate of 27 mg/kg/h). Pancuronium bromide (2 mg/kg i.v., Sigma-Aldrich, Basel, Switzerland) was administered 5-10 min before stimulation.
Electrical stimulation
Two stainless steel electrodes were inserted between the second and third digits of the left forepaw. Electrical stimulation was performed by delivering square pulses (0.5 ms width) using an external stimulator (WPI, Stevenage, UK). A few experimental sessions were dedicated to investigate the responses in terms of activated volume and BOLD amplitude in the contralateral cortex to find the parameters generating the best contrast to be used for long stimulation experiments. Current intensities ranging from 0.5 to 3 mA at 2 Hz were gradually applied with resting periods of 8-10 min in between. For each current level the paradigm was [30 s ON-30 s OFF] over 4 min.
Several forepaw stimulation paradigms with inter-stimulus interval (ISI) 60, 30 and 10 s at constant (2 Hz) or variable stimulus frequency (2-3 Hz switched every 5 min) and constant current (2.5 or 3 mA) were applied and repeated for 30 min, 1 h, 1.5 h or 2 h for optimization of the prolonged BOLD response. Stimulus frequencies of 2 and 3 Hz were chosen based on previous studies (4, 8, 21) showing maximal BOLD and CBF responses. Each experiment consisted of 5 min baseline (prestimulus period 0-5 min), followed by the stimulation period and 5 min recovery period (post-stimulus period). ISI remained unchanged within each experiment. ; matrix = 64 × 64; slice thickness = 1 mm; six slices; bandwidth = 300-350 kHz). Echo realignment was performed using a built-in reference scan (23) .
Data analysis
Images were first reconstructed using homebuilt MATLAB routines (MathWorks, Natick, MA, USA) and motion correction was performed using SPM8 (Statistical Parametric Mapping, London, UK). No other correction or filtering methods (i.e. baseline and drift (24)) were applied. Activation t-value maps were computed on a voxel-wise basis from the comparison between the experimental fMRI data and the applied paradigm schemes for either the first or last 7 min of paradigm (relatively to the pre-stimulus period or the post-stimulus period, respectively) using STIMU-LATE (25) . Only clusters including at least three voxels were considered significant. While the mapping threshold was set at p < 0.01 for current-dependent signal experiments, it was at p ≤ 0.3 for activated volume quantification in long stimulation data, because of the overall decrease of t-values at the end of the stimulation (for mapping purposes, this decrease of t-values required thresholding at a lower p-value). Activated brain areas were identified by comparison with the rat brain atlas (26) . Timecourses from the activated regions in the contralateral cortex were extracted and used to calculate the relative BOLD response, t-values and volume of activation. The relative BOLD response was computed relatively to the pre-stimulus period as follows:
where i is the scan number (TR = 2.5 s). Repeated measure analysis of variance (ANOVA) was performed to assess significance between means of BOLD response amplitude, t-values and volumes of activation (p < 0.05 was considered as significant). Post hoc analysis after ANOVA was performed using Bonferroni's multiple comparison test. Data are presented as mean ± standard deviation (SD).
RESULTS
Effect of current intensity on the BOLD amplitude and activated volume
As a starting point, we verified that our experimental conditions were in agreement with previous literature findings using short paradigms, for which different current values were tested at 2 Hz. Strong and robust activation was detected in four to six consecutive slices in the contralateral primary somatosensory forelimb (S1FL) and primary motor cortex (M1) with current intensity above 1 mA in all rats (n = 6) ( Fig. 1(A) ). Figure 1 (B) shows a typical BOLD response extracted at 2.5 mA. A gradual increase in current intensities corresponded to an increase in BOLD amplitudes with a plateau starting at 2 mA and ranging from 5.9 ± 2.0% to 6.7 ± 1.4% (p < 0.05 compared with 1 mA, Fig. 1(C) ). The activated volume increased with current intensity, and larger activated volumes ranging from 22 ± 7 to 30 ± 13 mm 3 were observed from 2 to 3 mA (p < 0.01 compared with 1 mA, Fig. 1  (D) ). t-values extracted from the activated regions also increased with the applied current intensity, reaching a plateau at 2 mA with values ranging from 6.8 ± 0.8 to 7.1 ± 1.4 (p < 0.01 compared with 1 mA, Fig. 1(E) ). According to these observations, current values of 2.5 or 3 mA were therefore chosen for long stimulation experiments.
Prolonged BOLD signal with ISI over 1 and 2 h
Continuous stimulation of the left forepaw at 3 Hz and 3 mA resulted in the well-established loss of the BOLD signal after approximately 15 min (n = 4, Fig. 2(A) ). Therefore, to determine the effect of using an ISI, we continuously stimulated the left forepaw and added ISI amounting to 50 or 25% of the total time. Several paradigms at constant current and frequency (3 mA, 3 Hz) with different ISIs were individually and reproducibly applied for 1 h in the left forepaw, from the longest to the shortest ISI: [60 s ON-60 s OFF] (Fig. 2(B) (Fig. 2(D) ). This last paradigm [30 s ON-10 s OFF] was then repeated for 1 h by switching the frequency of stimulation between 2 and 3 Hz every 5 min (Fig. 2(E) ). Although all resulted in 1 h prolonged positive BOLD responses mimicking the applied paradigms and reflecting cerebral activation in the right hemisphere, the amplitudes of the BOLD responses over time tended to remain higher in Figure 2 (E) (~5%) than in Figure 2 (D) (~3%).
To determine the effect of variable stimulus frequency, the [30 s ON-10 s OFF] paradigm was performed over 2 h at 2.5 mA in the left forepaw and the stimulus frequency was varied every 5 min between 2 and 3 Hz (n = 5) (Fig. 3) or maintained constant (2 Hz) (n = 5). The average BOLD amplitude reached a maximum of 3.6 ± 1.0% and 2.8 ± 0.7% after the onset of the stimulation for variable and constant frequency conditions, respectively (Fig. 3(B) ). After 15 min, the average BOLD amplitude dropped to a steady state of 1.3 ± 0.2% and 0.8 ± 0.3% for variable and constant frequency conditions, respectively, lasting until the end of the stimulation and reflecting persistent neuronal activation (Fig. 3(B) ). Therefore, although both conditions resulted in localized and prolonged positive BOLD responses over the entire stimulation period, the steady-state amplitude of the signal significantly increased on average when the stimulus frequency was varied (t-test, p < 0.05). A drift in the BOLD time course was moreover observed, because no correction to the baseline was applied (Fig. 3(C) ).
Although not different, the activated volume (mm 3 ) in the contralateral cortex at the end of the stimulation in the constant frequency condition was associated with larger SDs compared with variable frequency, demonstrating increased variability during stimulation across rats. More precisely, the fraction of remaining activated volume was 1.0 ± 0.3 at variable frequency and 1.0 ± 0.8 at constant frequency. Moreover, a significant decrease (t-test, p < 0.05) in t-values of 62 ± 19% and 57 ± 13% was observed after the end of the stimulation compared with the beginning for variable and constant frequency conditions, respectively. Other activated brain areas Contralateral S1FL remained activated during the whole stimulation period (2 h) in all rats (n = 10), whereas BOLD responses in M1 were detected until the end in nine out of ten rats. Secondary motor cortex (M2) and secondary somatosensory cortex (S2) were activated to a lesser extent than M1 and not in all rats. BOLD responses in primary somatosensory cortex of the hindlimb region (S1HL) were observed in six rats (Table 1) . Ipsilateral cortical activation was also observed in six rats, but not during the entire stimulation period, and smaller in amplitude, as compared with the contralateral side (Fig. 4(A), (B) ). No significant BOLD signal was detected in deeper brain areas, such as the striatum (Fig. 4(B) ).
Absence of physiology deterioration during long electrical stimulation
Arterial blood pressure and heart rate were unaltered during the whole experiment (Fig. 5(A), (B) ). Blood samples were collected before and after the stimulation period and indicated that P a CO 2 and pH remained in the physiological range after stimulation ( Fig. 5(C) ), suggesting that the prolonged stimulation protocol does not alter blood homeostasis. The absolute average motion over the entire stimulation time (2 h) was 0.04 ± 0.07, 0.48 ± 0.34 and 0.07 ± 0.09 mm in the x, y and z directions, respectively (n = 10). The water linewidth at half height in the volume of interest was 10 ± 13% (n = 10) larger at the end of the fMRI protocol compared with the beginning of the experiment. The signal-to-noise ratio (SNR) of the GE-EPI images decreased in absolute value by 4.5 ± 2.7% (n = 10) after the end of acquisition.
DISCUSSION
The present study confirmed the rapid hemodynamic adaptation to continuous sensorial stimulation as determined using BOLD fMRI. It also demonstrated that using a small ISI resulted in a prolonged BOLD activation over 2 h in the forepaw-associated cortex, suggesting reduced hemodynamic adaptation effects compared with continuous stimulation. In addition, the present results indicate that modulation of the applied stimulus frequency not only decreased activated volume variability, but was also associated with higher steady-state BOLD amplitude compared with prolonged stimuli at constant frequency. The well-resolved individual BOLD responses over the entire stimulation period demonstrate the robustness of the protocol. Therefore, the long stimulation paradigm presented here might allow more extensive studies providing insights into unknown features of the neurovascular coupling, brain activity and complex nature of the BOLD signal.
We performed electrical stimulations using short paradigms at 2.5-3 mA that resulted in robust cortical activation with maximum BOLD responses and activated volume in line with previous reports (4,7-9,21). Then, continuous stimulation of the left forepaw at 3 Hz, performed under physiological conditions, resulted in a rapid decay of the underlying BOLD signal after about 10-15 min. This adaptation to the delivered stimulus possibly reflects a mismatch between CMRO 2 and CBF (2) and reduced neuronal firing (1,3,6 ).
To our knowledge, this study is the first report of a localized and prolonged BOLD signal that persisted for 2 h, in contrast to continuous stimulation (6) . This was achieved upon electrical stimulation of the forepaw with an ISI, allowing for the refractoriness of the BOLD signal (27) . Different ISIs (60, 30 and 10 s) were tested and all allowed to persistently elicit a BOLD response until the end of the stimulation, which lasted for 2 h. The typical BOLD response was characterized by a decay in the relative BOLD signal to a plateau, which lasted for the rest of the stimulation period. This plateau was reached after 15-20 min, which corresponded to the time at which the BOLD response was lost in continuous stimulation paradigms (see Figs. 2(A)   and 3(B) ). Interestingly, in contrast to continuous stimulation (6) , trigeminal nerve stimulation with ISI was also able to elicit BOLD responses that persisted for 2 h (not shown), suggesting that similar paradigms can be used in other brain areas.
Thalamic adaptation is associated with a decrease in action potentials during sustained stimulation, reducing therefore the transmission efficiency of the stimulus to the cortex (28) . Therefore, to minimize adaptation of the sensory system to a constant Table 1 . Contralateral activated areas observed at the beginning (up to 7 min) and at the end (from 113 min) onwards of 2 h stimulation, and average SNR of the GE-EPI images between these two periods of time Stimulus frequency Rat 7 min 113 min Average SNR 1 S1FL, M1 S1FL, M1, S2 17.5 ± 0.7 2 S1FL, M1 S1FL, M1, M2, S2 22.2 ± 0.5 Variable (2-3 Hz) 3 S1FL, M1 S1FL, M1 13.7 ± 0.1 4 S1FL, M1, M2, S2, S1HL S1FL, M1, S2 15.3 ± 0.6 5 S1FL, M1, M2 S1FL, M1, M2, S2, S1HL 18.1 ± 1.1 Mean 17.4 ± 3.0 6 S1FL, M1 S1FL, M1 17.5 ± 0.5 7 S1FL, M1, M2, S2, S1HL S1FL, M1, M2 8.3 ± 0.0 Constant (2 Hz) 8 S1FL, M1, S1HL S1FL, M1, M2, S2, S1HL 15.0 ± 0.7 9 S1FL S1FL, M1, M2, S2, S1HL 16.7 ± 0.9 10 S1FL, M1, M2, S2, S1HL S1FL, M1, M2 13.3 ± 0.3 Mean 14.1 ± 2.5 stimulus input (2, 29) , the frequency of stimulation was modulated every 5 min between 2 and 3 Hz. These frequencies give the maximum response in terms of activation area (7), BOLD (4, 8, 21) and CBF responses (8, 21) under α-chloralose anesthesia. However, no statistical differences in the fraction of remaining activated volume in the contralateral cortex at the end of the stimulation and in activated anatomical regions were detected between variable and constant frequency conditions. Nevertheless, the variance observed in the remaining activated volume was larger in the constant frequency condition, suggesting reduced inter-individual variability in thalamo-cortical projecting fibers of the stimulated pathway (30, 31) in the variable frequency condition. Moreover, higher steady-state BOLD amplitude was observed when varying the stimulus frequency, reflecting possible response recovery from different stimulus inputs (2) . A rapid decline in BOLD amplitude was followed by a steadystate plateau lasting until the end of the stimulation. The rapid BOLD increase at the onset of the stimulation or overshoot has been observed both in the primary somatosensory cortex of the barrel cortex region (S1BF) (6) and in humans (3) , and the plateau in S1BF (6) . The first adaptative mechanism might reflect rapid and large neuronal hyperpolarization (13) , modulation of the responses produced by thalamo-cortical fibers that drive action potentials (30, 31) or uncoupling between CBF and CMRO 2 (2, 14) . The second might rather be associated with neuronal fatigue (3, 6) , as the addition of ISI allows the BOLD signal to recover from the hyperemic mismatch (27) , without excluding any hemodynamic coupling alterations. Fluctuations observed in the BOLD steady-state plateau result from averaging BOLD responses over a large activated area, where different local CMRO 2 values, CBFs and cerebral blood volumes (CBVs) might occur across averaged voxels.
Although the responses were mainly localized in the contralateral S1FL, activation of contralateral M1, M2 and S2, as well as other smaller cortical structures, was often observed during prolonged stimulation. However, these areas were not consistently detected. Motor cortex activation might result from small vibrations of the paw upon stimulation of the nonnociceptive antidromic stimulation of the motor nerve fibers (32). S1HL activation is likely the result of the thalamo-cortical afferent fibers, involved in stimulation information processing, connecting the ventral posterolateral thalamic nucleus and S1FL and probably encompassing other somatosensory cortices, such as S1HL (30) . Similarly, ipsilateral activation might reflect the inter-hemispherically connecting function of the corpus callosum (30) . Since fMRI indirectly assesses neuronal activity, by taking advantage of the uncoupling between CBF, CBV and CMRO 2 (33) , the hemodynamic response might be extended to neighboring brain regions to provide enough energy supply for the maintenance of the overall brain homeostasis (34) . Despite the presence of cortico-striatal connections (35), T 2 *-weighted signal in the striatum did not result in a significant BOLD response following the applied paradigm. One reason could be the low sensitivity in this particular region. Indeed, a surface coil is more efficient for brain areas close to the surface and is therefore optimized for studies in cortex. In addition, the BOLD response is about 5-10% of the baseline signal. Therefore, if the noise level in the other brain regions far from the cortex is much larger than the BOLD response, the signal becomes hard to detect. Moreover in a recent article, Shulman et al. highlight the fact that changes in BOLD signal induced by sensory stimulation might be many times smaller than the high and ubiquitous resting level of neuronal activity induced by light anesthesia (i.e. α-chloralose). Therefore, the absence of BOLD response underlying sensory stimulation in a given voxel cannot be directly interpreted as evidence for the neurons not supporting the task (16) .
The average t-values extracted from the activated region decreased significantly after 2 h stimulation, reflecting not only the steady-state plateau, but also shim degradation (~10%) and decreased SNR, despite the good quality of the acquired data. Changes in animal physiology, namely blood pressure, heart rate, arterial pH and P a CO 2 , that directly control the cerebrovascular system were unlikely to contribute to the reduction in t-values, since they remained unchanged throughout the stimulation period. In addition, physiological data suggest that the stimulation applied in the present study was innocuous, not inducing changes in the vascular system, particularly blood pressure and heart rate (6, 8, 36) .
All together, these observations suggest that adding an ISI as small as 10 s, as well as modulating the frequency at regular intervals, results in a prolonged and localized BOLD response, reflecting neuronal activity with less variability in the fraction of remaining activated volume and higher BOLD amplitude. Investigating brain functionality requires a refined control of animal physiology (19) , nociception (36) , and neuronal (6) and hemodynamic (2, 14) adaptations to the stimulus, which was achieved in the present study. Continuous stimulation paradigms at 1 Hz have already been performed in S1BF (6), but during a short period of time (10-15 min), after which the BOLD signal tended to decrease, probably due to both neuronal and hemodynamic adaptations, and to be less reproducible across animals. Moreover, continuous stimulation might lead to a concomitant increase in blood pressure and heart rate, representative of nociceptive mechanisms (36) . Therefore, optimal physiological conditions are necessary for not only BOLD signal detection (19, 33) , but also biologically meaningful measures. The long stimulation paradigm presented here mimics rhythmic environmental patterns, with different sensorial stimulation inputs, as often encountered in natural settings, such as walking or whisking (20) . An animal model or a human is unlikely to be continuously exposed to the same stimulus for a long period of time, but will rather be confronted with different alternatives. For these reasons, the proposed protocol is likely a representative model of what the brain experiences when exposed to lasting external stimuli and is suitable for long experimental protocols.
CONCLUSION
We conclude that prolonged and localized BOLD response can reproducibly be observed over 2 h by using an ISI of 10 s, achieving a negligible reduction of the size of the activated volume and less inter-subject variability in the remaining activated volume, and reaching higher steady-state BOLD amplitude when frequency of stimulation is varied. The robustness of such a BOLD fMRI paradigm is likely to enable a new whole brain functional analysis, beyond contralateral S1, S2, M1 and M2 maps.
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